ABSTRACT
INTRODUCTION
Prostate cancer is the most common male specific malignancy in the US and disproportionately affects African American (AA) men, who have higher incidence (~40% of all cancer cases) and mortality rates as compared to other ethnic groups 2, 3 . The underlying reasons for these disparities are not well understood, although existing evidence implicates an important genetic component [4] [5] [6] [7] [8] [9] . Many studies of hereditary prostate cancer (HPC) have been reported; however, few, if any, genes have been identified which are reproducibly associated with increased risk for prostate cancer across different study populations, emphasizing the heterogeneous nature of this disease 10 . Despite AA men having the highest incidence and mortality rates of prostate cancer in the US, very little data are available on the genetics of familial prostate cancer in this ethnic group. Studying the genetic contributions for prostate cancer in this high-risk population will have important implications for addressing the disparity of prostate cancer in African Americans.
Germ-line mutations have been found within three candidate genes for hereditary prostate cancer. These genes include ELAC2 at 17p11 11 , RNASEL at 1q25 12, 13 , and MSR1 at 8p22 14 . The frequency spectrum of rare nonsense and missense mutations within these candidate genes vary significantly across ethnicities. These mutations in addition to common polymorphisms within the three candidate genes may also contribute to sporadic disease in European descent populations 7, 13, 15, 16 . To date there has not been a clear candidate identified as contributing to hereditary prostate cancer in African Americans.
Recently, the gene EphB2 gene, which encodes the EPHB2 receptor tyrosine kinase was discovered as being completely inactivated in the DU145 prostate cancer cell line using nonsense mediated RNA decay (NMD) inhibition in combination with array CGH, to enrich for genes likely to harbor mutations 1 . The exact function of the gene is unknown however evidence suggest EphB2 may be a tumor suppressor gene since wild type EphB2 significantly reduced clonogenic growth of DU145 prostate cancer cells (which have biallelic inactivation of EphB2) 1 . EphB2 maps to 1p36, a region previously shown to be linked with hereditary prostate cancer among ethnically diverse sets of families 17, 18 , including African Americans
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. The strong genomic and functional characteristics of EphB2 along with its map position near a putative HPC locus make it a strong candidate prostate cancer susceptibility gene. Therefore we set out to screen the EphB2 gene by direct sequencing for the presence of germline mutations in 72 unrelated African American hereditary prostate cancer cases in order to determine if this gene is associated with prostate cancer predisposition in this high-risk population. A common nonsense mutation, K1019X, was genotyped in an additional 183 African American sporadic prostate cancer cases and 329 healthy age-matched controls. We provide evidence of an association of the EphB2 nonsense mutation with the risk of prostate cancer in African Americans.
METHODS

African American hereditary prostate cancer cases
Hereditary prostate cancer cases consisted of 72 African Americans from unrelated HPC multiplex families recruited as part of the African American Hereditary Prostate Cancer (AAHPC) Study Network [20] [21] [22] . Ascertainment of multiplex prostate cancer families and the clinical description of the AAHPC cases have been previously described 20, 21 . 20 . Inclusion criteria were, 1) four or more prostate cancer cases, preferably first degree relatives, 2) at least three cases available for sampling, and 3) an average age at diagnosis of <65 years of age for the family. These families all self identified as African American and were verified by the recruitment staff. We performed mutational analysis for the EphB2 gene using DNA samples from 72 probands from unrelated AAHPC families. The average age at diagnosis for these probands was 64.9 years of age. Clinical characteristics of the AAHPC dataset have been previously described 22 . All participants gave informed consent and recruitment was approved by the appropriate Institutional Review Boards (IRB).
African American sporadic prostate cancer cases and controls Unrelated men self-described as African American were enrolled for case-control studies of risk factors for prostate cancer. The subjects consisted of 512 African Americans (183 prostate cancer patients and 329 healthy male controls) recruited from the Howard University Hospital (HUH) in Washington, DC 5, 23 . Incident cases were identified through the Division of Urology at HUH and confirmed by review of medical records. Healthy control subjects unrelated to the cases and matched for age (±5 years) were ascertained from the Division of Urology at HUH and also from men participating in screening programs for prostate cancer at the Howard University Hospital. Control subjects were excluded from the study if they were ever diagnosed with benign prostatic hyperplasia (BPH), have ever had an elevated prostate specific antigen test (>4.0ng/ml), or have had an abnormal digital rectal examination (DRE). The demographic characteristics of participants in the screening program were similar to the patient population seen in the Division of Urology clinics. Recruitment of sporadic prostate cancer cases and healthy controls occurred concurrently, and they each donated a blood sample for research purposes. The participation response rates for cases and controls were 92% and 90%, respectively. All prostate cancer cases were between 40 to 85 years of age and were diagnosed with the disease within the last 4 years. Clinical characteristics including Gleason grade, prostatic specific antigen (PSA), tumor-node-metastasis (TNM) stage, age at diagnosis and family history were obtained for all cases from medical records. Disease aggressiveness was defined as "Low" (T category <T2c and/or Gleason grade < 7) or "High" (T category >T2c and/or Gleason grade >7). The Howard University IRB approved the study and written consent was obtained from all subjects. In addition, we used previously published data from 231 European American (EA) population control genomic DNA samples commercially available from the Coriell Institute for Medical Research in order to compare the EphB2 K1019X allele and genotype frequencies 1 .
Mutation detection and genotyping DNA specimens were amplified using standard PCR protocol and intronic primer pairs with M13 tails (sequences available on request). The PCR products were purified using the QiaQuick PCR purification kit on the BioRobot 8000 Automated Nucleic Acid Purification and Liquid Handling system (Qiagen). Quarter or eighth volume cycle sequencing reactions were prepared in 96 well format using standard M13 forward or reverse primers with the Big Dye Terminator Chemistry (PE/Applied Biosystems, Piscataway, NJ). Following Sephadex purification, sequence products were separated on an ABI 3700 or ABI 3730 Capillary DNA Analyzer (PE/Applied Biosystems, Piscataway, NJ) using manufacturer's protocols. Sequence chromatograms were aligned and analyzed using Sequencher version 4.1 (Gene Codes). Due to the complexity of the mutations (lying within a A(9) mononucleotide stretch) we used DNA sequencing for all samples. Of the 72 samples, we achieved a 100% success rate. For all 584 samples analyzed we achieved an overall success rate of >95%. Reproducibility was >99% based upon comparison of data from duplicate experiments for a subset of samples.
Controlling for population stratification
To control for possible confounding by population stratification in this study, a panel of 34 ancestry informative markers (AIMs) was also genotyped in the African American samples. These markers show large differences in frequency between the parental populations (West Africans and Europeans), and were used to control for the presence of population stratification (PS) due to admixture 24, 25 . Information regarding primer sequences, polymorphic sites and other relevant information on the AIMs can be found at the dbSNP NCBI database site, under the submitter handle PSU-ANTH.
Statistical analysis
Odds ratios and P values were determined by logistic regression analyses from comparison of genotypes between subjects with prostate cancer and healthy controls using SAS version 6.91 (SAS Institute, Inc, Cary, NC.). Further analyses were performed on the combined dataset consisting of all PC subjects, and for the hereditary and sporadic cases separately. For all analyses, genetic effects were adjusted for age (at time of diagnosis for case subjects and at time of ascertainment for controls). Statistical control of PS was achieved by introducing individual ancestry (IA) as a covariate in the analyses. Individual ancestry was estimated by a Bayesian method implemented in the STRUCTURE 2.0 program 26 and the estimate was then used as a covariate in the regression analyses. Given the large number of potential false-positive marker associations (Type II error) throughout the genome it would be appropriate to adjust the traditional thresholds of significance for P-values based on some correction for multiple testing, however given our modest sample size and since we explored the effect of only one SNP on prostate cancer risk, the only corrections on P-values we made were due to ancestry.
RESULTS
The clinical characteristics of the 72 AAHPC probands, the 183 sporadic PC cases and the 329 healthy AA male controls are presented in Table 1 . The mean age of 69 years for the sporadic PC cases was higher than that for the controls (66.1 years) and the HPC probands (64.9 years). The Wilcoxon Sign Rank test showed that the mean PSA for both the HPC probands and the sporadic PC cases compared with AA male controls was significantly different (P value <0.01). For 52 HPC probands on whom disease aggressiveness categorization was available, only 17% had a high index compared with 47% of those with sporadic disease.
Mutational analysis in 72 AAHPC probands resulted in the discovery of ten unique coding sequence variants within the EphB2 gene. All sequence variants are summarized in Table 2 . Six silent exonic variants were observed with frequencies ranging from 1.4% to 30% among the probands. Only four of the ten variants actually resulted in amino acid changes and are considered mutations (Table 2) . Two of the amino acid substitutions, V650A and M883V were novel in contrast to the previously observed A279S variant 1 but all three were observed at a frequency of 2.8%. Both V650A and M883V appear to be located in the mutation rich kinase domain of the EphB2 protein. The kinase domain is essential for receptor signaling 1 . Also observed group.bmj.com on November 6, 2017 -Published by http://jmg.bmj.com/ Downloaded from among the coding mutations was the previously reported K1019X nonsense mutation (3055 A>T) in exon 15 of the EphB2 gene. The K1019X mutation was present in 15.3% (11 of 72) of the AAHPC probands, though it was previously shown to be present in 1.7% (4 of 231) of control DNA samples from the Coriell Institute for Medical Research (twosided Fisher's exact test P-value of 0.000043). We observed that this nonsense mutation was three times more common in the AA controls (5.17%, 17 of 329) than in the EA controls.
An association analysis of the K1019X variant (3055 A>T) was performed combining all AAHPC (N=72) and sporadic cases (N=183) and compared them to African American male controls (N=329) controlling for age at diagnosis. We did not examine the other coding variants since they were less frequent (< 3.0%) and thus would require an extremely large number of cases and controls in order to perform a reliable association study. Table 3 reveals that the presence of the (T) allele significantly increased risk for prostate cancer (OR = 2.44; 95% CI = 1.4-4.3; Fisher's 2 sided P=0.003) in the combined dataset. Subset analyses revealed that the frequency of K1019X was significantly higher for the AAHPC probands (15.3%) as compared to AA healthy male controls (5.2%) (OR = 3.31; CI 1.48-7.41; Fisher's 2-sided P=0.008). We compared the 6.6% (12 of 183) frequency of the mutation among the 183 sporadic prostate cancer cases with the AA healthy male controls, and found no significant difference between the two groups (OR, 1.3; 95% CI, 0.60-2.76; Fisher's 2-sided P=0.55) ( Table 3 ). Stratifying the analysis by prostate cancer disease aggressiveness revealed no significant associations (data not shown). We note that the K1019X variant was not in Hardy Weinberg Equilibrium (HWE) within our AA sporadic case and control samples (p<0.05). The observed departure from HWE was not unexpected given that the African American population is the product of recent admixture 27 and there were significant differences in K1019X allele frequency between African Americans and European Americans. Thus, in order to rule out a spurious association of K1019X with prostate cancer in African Americans due to admixture stratification we controlled for ancestral differences between the prostate cancer cases and controls by estimating individual ancestry (IA) for each subject using 34 admixture informative markers (AIMs). We used the individual ancestry estimate for each subject as a covariate in the association analysis in order to take into account differences in ancestral proportions between cases and controls 24, 25 . Individual ancestry (West African) ranged from 10% to 93.5% in the cases with an average IA estimate of 71.3 ± 1.9. The estimates for West African ancestry for the controls ranged from 6.5% to 95.3% (average was 69.0 ± 0.8). After adjusting for individual ancestry, the association of the EphB2 K1019X mutation with prostate cancer in the AAHPC probands as compared to the AA healthy male controls was still significant (P=0.01).
DISCUSSION
The potential genetic basis for the high incidence and mortality rates of prostate cancer among African Americans is still under investigation. In this study, we identified ten sequence variants in the EphB2 gene, including a common nonsense mutation K1019X among 72 African American hereditary prostate cancer patients. Further, we revealed an association of EphB2 K1019X and prostate cancer risk in African Americans. The K1019X variant was observed in much higher frequency among AA prostate cancer patients than among healthy AA male controls (P=0.003). The association was mainly due to men with hereditary prostate cancer (P=0.008). In fact the risk for prostate cancer was increased 3-fold among African American men who carried at least one copy of the K1019X allele and had a family history of prostate cancer. Given its high frequency in hereditary cases, K1019X likely is associated with familial prostate cancer in African American men. Of course, further replication is necessary before these results can be accepted as a true positive. The most reliable replication study should use prostate cancer patients with strong family history and not sporadic cases. A larger case-control study could also evaluate the rare missense variants such as A279S, V650A, and M883V which may also contribute to prostate cancer risk.
The results of this study, and the recent identification of biallelic inactivation of the EphB2 gene using the nonsense-mediated decay (NMD) microarray technique 1 , further implicates EphB2 as a prostate cancer tumor suppressor gene. K1019X is an A to T transversion within a poly-A tract of the last exon of the EphB2 gene. This polymorphism may exhibit an affect similar to the APC I1307K polymorphism, carried by 6.1% of Ashkenazi Jews, that is associated with colorectal cancer 28, 29 . Mononucleotide repeat sequences such as where K1019X occurs have been shown to be genetically unstable and prone to somatic mutation 28, 30 . Performing somatic mutational analyses surrounding the poly-A tract region is strongly warranted in order to confirm the role of EphB2 in prostate tumorigenesis.
We noted previously that the prevalence of K1019X was significantly higher among African American controls than among European American controls (P<0.001), suggesting that it could be in admixture disequilibrium in the AA population. These findings were extremely interesting and inspired us to further investigate the role of this mutation as a prostate cancer genetic risk factor; however, several questions remained. Ethnic differences in allele frequency and disease risk can create false-positive results in casecontrol studies, especially when using recently admixed populations such as African Americans. Thus, in order to control for possible confounding we introduced individual ancestry as a covariate in our analyses. This approach has been used to limit spurious associations that are the result of differences in ancestral proportions (admixture). Our ancestry-adjusted analyses provided additional support for a strong association of the K1019X and prostate cancer in African Americans.
The frequencies of sequence variants in a number of candidate genes for prostate cancer differ significantly between African Americans and European Americans. Among the examples are the CAG repeat tract within the androgen receptor gene 31, 32 , a TArepeat tract within the SRD5AR gene 33 , the CYP3A4 promoter variant 6, 25 and frequent variants within MSRI 7 . The EphB2 K1019X mutation represents a novel addition to this group of allelic variants. Population differences in allele frequencies for many of the candidate genes are real but whether the differences contribute to differences in disease susceptibility is difficult to assess with the current available data and traditional approaches. One potential confounding issue is population stratification (PS) created by admixture 34, 35 . Here we typed unlinked genetic markers informative for ancestry in order to detect, quantify and correct for PS 26, [36] [37] [38] [39] . Even though studies have consistently shown evidence of PS in African Americans 25, 27, 40, 41 there continues to be debate on whether PS exists 42, 43 or whether its impact is significant 44 . A recent study has shown that even in highly inbred populations, significant PS exists, lending support that this phenomenon must exist in highly outbred populations such as African Americans 45 . Our examination of sequence variants in the EphB2 gene and subsequent casecontrol study among African American men suggest that EphB2 may play an important role in familial prostate cancer. This finding is potentially significant given the higher frequency of the K1019X nonsense mutation and the higher prevalence of prostate cancer among African American men compared to their US counterparts. The functional significance of the common K1019X nonsense mutation is not known, however our results in addition to previous functional analyses of wildtype EphB2 using the DU145 prostate cancer cell line
